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A particularly intriguing route to forming electroluminescent metal nanoparticle structures was reported by Dickson et al., exploiting electromigration effects in thin gold and silver films 5 . Such "break junctions" were originally developed to contact single molecules in single-electron transistors 12 . One report even refers to deterministic single-photon emission from single EL hotspots 4 . Although lateral break-junction LEDs are less well-defined and harder to characterise structurally than vertical STM-EL 8 , they are easy to make reproducibly without high-vacuum needs and exhibit qualitatively similar spectral features. While there is as yet no comprehensive theory to explain light generation, a model put forward describes how shot noise in single-electron tunnelling between tip and surface leads to the formation of the electronic dipole necessary for light generation 13 . Break-junction LEDs are, in principle, CMOS compatible and could potentially act as light sources for on-chip optical communication 11 . However, this avenue has not been pursued given the spectral heterogeneity between different hotspots and the overall spectral width 5 . As with high-gap GaN LEDs, this problem could potentially be overcome by using spectral converters. Conventional downconverter phosphors rely on simple reabsorption of EL, radiative transfer of energy. This process only works for narrow-band light sources with high luminescence quantum yields. In contrast, non-radiative energy transfer -FRET coupling between the dipole responsible for EL (the donor) and the dipole of a spectral converter (the acceptor) -will give rise to spectral focusing if the radiative quantum yield of the acceptor is greater than that of the donor and FRET occurs prior to non-radiative decay. However, while FRET works well in OLEDs 14 , where monolayers are easily integrated, it has proven hard to demonstrate between the surface of an inorganic LED and resonant absorbers, such as a quantum-dot monolayer 15 . The main challenge lies in the fact that FRET necessitates nanometre proximity between the electrically driven donor and the acceptor, which is hard to achieve in conventional LED structures. As we demonstrate, such proximity arises naturally by transferring a TMDC monolayer onto an electroluminescent silver break-junction structure. The emissive species in the silver break 3 junction couples resonantly with the TMDC exciton, changing the spectrum of light emitted through the silver film. Figure 1a sketches the device in top and side view. A 20nm-thin silver square is evaporated on a glass substrate and contacted by a thicker film, lithographically structured into two electrode leads. A d.c. voltage is applied and increased slowly. Once electromigration sets in, the current drops suddenly and EL spots appear at the centre of the film 5 . To prevent continued electromigration, the device is subsequently driven by a radio-frequency alternating current. Using a stamp-transfer technique 16 , a single-layer TMDC crystal is placed on the silver film prior to electromigration. Panel (b) shows a CMOS microscope image of the device post electromigration, illuminated by a green LED and viewed from beneath through the thin silver film. The contours of the TMDC flake are indicated in yellow. EL is seen from individual hotspots. Panel (c) compares EL spectra from the red and blue spots in (b) -with and without a MoS 2 flake atop the silver. The flake focuses the EL spectrum to its narrow excitonic resonance, so that both higher-and lower-energy components of the silver EL become less significant. In this example, the MoS 2 spot appears 35 times brighter than the silver. This difference presumably arises because of the higher conductivity and thus higher hotspot bias beneath the flake than besides it, so we attach little significance to this observation. Since light does not pass through the TMDC overlayer, MoS 2 does not simply serve as a spectral filter. This approach of generating EL from TMDC monolayers therefore differs fundamentally from conventional p-n device structures with direct carrier injection [17] [18] [19] . EL occurs from diffraction-limited hotspots as seen in the close-up image in Fig. 1d , where the point-spread function has a width of 360 nm. The brightness of the spot increases exponentially with applied bias, plotted in Fig. 1e , demonstrating the predominance of a tunnelling mechanism in the electromigrated silver film FRET from excitonic donors to metallic acceptors has been studied extensively and always results in efficient long-range quenching of fluorescence since the acceptor dipole of the plasmon resonance is so large [21] [22] [23] . A few reports have addressed the possibility of FRET occurring from molecules or quantum dots to two-dimensional acceptors such as graphene or TMDC monolayers, and have revealed a weaker distance dependence -i.e. stronger coupling -than in conventional point-dipole Förster transfer due to the large oscillator strength and delocalization of the electronic excitation [24] [25] [26] . Here, we use the metal to generate light -as the donor -but clearly the same arguments regarding non-radiative dipole-dipole coupling still hold 22 . This reversal of donor-acceptor roles in the metal-fluorophore structure becomes possible because of the extremely short (sub-150 fs) radiative exciton lifetime of TMDC monolayers in conjunction with the giant oscillator strength of the delocalized excitation 27 .
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Because FRET is expected to predominantly create TMDC excitons within the light cone, these can very rapidly recombine radiatively 27 prior to undergoing diffusion or quenching.
We examine the spectral focusing effect by comparing a range of raw data. reflectometry measurements of a monolayer on an SiO 2 /Si substrate as described previously [28] [29] . These data provide a measure of the underlying excitonic absorption resonances. For FRET to occur, donor (silver) emission and acceptor (MoS 2 ) absorption must overlap, which is evidently the case. As discussed below, the small shift between the EL spectra and the PL as donor to the acceptor increases overall hotspot stability and reproducibility. This improvement may arise because the luminescence quantum yield of MoS 2 is expected to be much more uniform than that of silver nanoparticles; FRET prior to the onset of non-radiative decay in the silver will therefore homogenise the observed hotspot brightness.
The stamping technique only works on smooth layers prior to electromigration, which can be followed by non-contact atomic-force microscopy (AFM). Strain can be discerned by spatially resolving the PL spectra of the TMDC layer. Figure 4a compares an EL spectrum to PL spectra of WS 2 stamped on a SiO 2 /Si wafer, on a silver film, and on the break-junction region. The former show only one PL peak (Peak I). After electromigration, an additional PL peak is resolved in the break junction region (Peak II), but only the lower-energy feature appears in EL. 
Methods

Sample preparation
To ensure reproducible break-junction formation, the devices were designed using a lithographic process. First, square regions of 100100µm 2 were defined with a mask aligner in a spin-coated double photoresist (AR300-80, AR-P5350, Allresist GmbH) and subsequently developed (AR300-35, Allresist GmbH). After evaporation of a 20nm thick silver layer, the active structure was formed by acetone lift-off of the residual photoresist. In a second photolithography step, the electrode leads were defined. These consist of a 150nm thick silver film. Because of the homogeneity of the process, the break junction always forms in the centre of the thin silver layer. The TMDC monolayers were mechanically exfoliated from bulk crystals onto a polydimethylsiloxane (PDMS) film. Subsequently, they were stamped onto the silver film by a dry deterministic transfer based on the viscoelasticity of the PDMS substrate 17 . As this procedure is performed under an optical microscope, micronscale control over the position of the flake on the silver film is achieved.
Optical spectroscopy
Electromigration can be carried out under inert conditions such as under vacuum or under dry nitrogen flow. Typically, the sample was inserted into a cryostat (Supertran ST-500, Janis 
White-light reflectometry
The imaginary components of the complex dielectric function ´´(), which is proportional to the optical absorption of the TMDC monolayers studied, are shown in Fig. 2 . We performed white-light reflectometry on TMDC layers deposited on SiO 2 /Si substrates since silver substrates are poorly suited for either transmission or reflection microscopy. For white-light reflectance measurements, the output of an incandescent lamp was focussed onto a pin hole and subsequently collimated with an achromatic lens. The light beam was coupled into a microscope setup with a 100 objective lens, so that the white light could be focussed down to a spot size of approximately 4 µm on the sample surface. The reflected light was collected with the same objective lens and coupled into a spectrometer, where it was detected with a Peltier-cooled CCD. Subsequent measurements on the TMDC flakes and on the bare substrate were recorded, and the reflectance contrast was determined from the reflected light intensities as R()=(R TMDC -R substrate )/R substrate . The dielectric response is extracted from the measured reflectance contrast spectra by a constrained Kramers-Kronig approach [28] [29] , including multiLorentzian parameterization of the complex dielectric function and by taking into account the presence of the substrate via a transfer-matrix method to match the experiment with properly adjusted parameters. To analyse the data, a physically meaningful number of Lorentzians was used to account for only the most pronounced optical transitions in the spectral range of interest, including the A and B exciton resonances.
AFM measurements
AFM images were taken with silicon probes (Nanosensors PPP-NCHR and SSS-NCHR) using a Park Systems XE-100 in "non-contact" amplitude modulation mode under ambient conditions in a vibration-isolated acoustic enclosure. 
